Introduction

Discovery and synthesis
Since the 1980s, the use of benzoylcyclohexanediones as upland herbicides has been investigated mainly in Europe and America. This class of compounds shows high herbicidal activity; however, it has little crop tolerance for rice. Despite this background, we attempted the structural conversion of these compounds so that they could be applied in paddy fields.
Starting from a prototype-lead compound; 2-(2-nitro-4-chlorobenzoyl)-1,3-cyclohexanedione, we synthesized many derivatives with several combinations of dione and benzoyl moieties, and evaluated their herbicidal activity, rice-crop safety, and downward mobility. Precise investigations revealed a slight improvement in the selectivity and downward mobility of bicyclooctanedione (BOD) derivatives, such as [3-(2-nitro-4-mesylbenzoyl) 
Furthermore, our chemical approach was directed at improving physicochemical properties, such as water solubility. In the course of several structural optimizations, it was recognized that modification of the triketone system was essential. Finally, a BOD compound with a potent triketone system masked as phenylthio-enol ether, namely, benzobicyclon, was selected as the best compound on the basis of its structure-activity profiles, physicochemical properties, field performance, SDS Biotech K.K., 2-1, Midorigahara, Tsukuba, Ibaraki 300-2646 , Japan (Accepted February 20, 2009 Benzobicyclon is a novel paddy-bleaching herbicide that was discovered and developed by SDS Biotech K.K. It was registered in Japan in 2001 and launched in various combinations with excellent formulations. The compound is characterized by a unique bicyclooctane skeleton with a phenylthio-enol ether structure acting as a chemical slow releaser of the triketone system during p-hydroxyphenylpyruvate dioxygenase (HPPD) inhibition. Benzobicyclon shows broad-spectrum activity against annual grass, sedge, and broadleaf weeds without causing phytotoxic injury to transplanted/direct-seeded rice. At doses of 200-300 g a.i./ha, benzobicyclon has a wide application window and exhibits long residual activity against Scirpus juncoides. Benzobicyclon has favorable toxicological, ecotoxicological, and environmental profiles. and safety.
The industrial production of benzobicyclon has been achieved by establishing two key processes: development of the BOD synthetic pathway and the coupling reaction between BOD and 2-chloro-4-methylbenzoyl moiety (CMSBA). A key intermediate, norcamphor, which was derived from a commercially available norbornene, was subjected to the Mannich reaction and then Baeyer-Villiger oxidation to afford the precursor keto-ester, which was finally cyclized to BOD. The triketone structure was obtained by the C-acylation of BOD with acid chloride, which was derived from CMSBA using aluminum chloride.
Mode of action
Bleaching was the major initial symptom in susceptible weed species treated with benzobicyclon. The weeds emerged with bleached leaves or cotyledons after pre-emergence benzobicyclon treatment, and bleaching of newly developed leaves was observed when benzobicyclon was applied post-emergence. Bleaching symptoms appeared within 1 week after application, followed by necrosis, leading to weed death.
Depending on the dose of application, benzobicyclon reduced the carotenoid contents and increased the accumulation of phytoene, which is a precursor of colored carotenoids; however, direct phytoene desaturase inhibition was not observed.
On the other hand, the addition of homogentisic acid, which is a product of HPPD, to Lemna culture medium containing benzobicyclon led to the disappearance of bleaching. This result indicated that benzobicyclon is a potent inhibitor of HPPD. In vitro HPPD inhibition was evaluated using the active HPPD produced by an E. coli transformant. Benzobicyclon did not directly inhibit HPPD; however, benzobicyclon hydrolysate, one of the metabolites, showed potent inhibition.
These results indicated that benzobicyclon hydrolysate is a potent HPPD inhibitor, and benzobicyclon plays an important role as a pro herbicide by acting as a chemical slow releaser.
Herbicidal properties
Benzobicyclon shows broad-spectrum activity at doses of 200-300 g a.i./ha when applied from pre-emergence to early post-emergence against annual grass, sedge, and broadleaf weeds in paddy fields, showing excellent selectivity to transplanted/direct-seeded rice. Benzobicyclon has a wide application window and controls S. juncoides up to the 5-leaf stage, which is difficult to control throughout the season using other paddy herbicides. The residual activity of benzobicyclon on S. juncoides lasts for at least 8 weeks.
Benzobicyclon exhibits excellent herbicidal activity against S. juncoides, regardless of the emergence depth between 0 and 3 cm. The herbicidal activity of benzobicyclon against S. juncoides is hardly affected by the soil type (clay loam, loam, light clay, sandy loam, or heavy clay). Moreover, benzobicyclon controls SU-resistant biotypes as well as wild-type weeds.
Safety, metabolism, and environmental fate
Toxicological studies using rats and mice indicated that benzobicyclon has quite low acute toxicity via any exposure route. Skin and eye irritation were not observed when the compound was tested in rabbits. Prolonged exposure studies demonstrated that benzobicyclon exhibited no evidence of carcinogenicity, teratogenicity, and reproduction toxicity. On the basis of these toxicological studies, benzobicyclon is classified as an ordinary substance. In ecotoxicological studies, benzobicyclon showed little or no toxicity in birds, fish, beneficial insects, algae, and soil microorganisms.
Following oral administration in rats, 14 C-labeled benzobicyclon was poorly absorbed; over 90% of the dose was rapidly excreted in the feces within 96 h. A large number of metabolites were excreted in urine and bile. Benzobicyclon was not detected, while small amounts of metabolites (hydrolysate, amine-substituted metabolites, and CMSBA) were detected in urine or bile.
In rice plants, a small proportion (approximately 3%) of the applied radioactivity was absorbed by the foliage and roots after paddy water treatment. Once absorbed in rice plants, benzobicyclon was metabolized into a large number of metabolites, such as hydrolysate, amino-, and hydroxyethylamine-substituted compounds. No significant translocation of benzobicyclon and its metabolites into rice grains was detected. Crop residue studies exhibited no benzobicyclon, hydrolysate, and amino-substituted compound residues in grain.
In paddy soil, benzobicyclon was rapidly metabolized, mainly to hydrolysate and amine-substituted metabolites, and the half-life of benzobicyclon was approximately 13 days. Although the cleavage of benzoyl linkage was not obvious, radioactive carbon dioxide was generated from paddy soil showing that benzobicyclon was finally mineralized to CO 2 in paddy soil.
These results indicated that the main metabolic pathways of benzobicyclon in animals, plants, and soils were by hydrolysis and substitution of the thiophenyl moiety to the amino group.
Conclusion
In this study, we demonstrated the high-quality industrial production, applicability as a paddy herbicide, safety, and ecofriendly features of benzobicyclon. Accordingly, herbicide combinations containing benzobicyclon (51 formulations) were launched and used widely to control weeds in 423,400 ha of paddy fields in 2008.
